Current cell-culture is largely performed on synthetic two-dimensional (2D) petri dishes or permeable supports such as Boyden chambers, mostly because of their ease of use and established protocols. It is generally accepted that modern cell biology research requires new physiologically relevant three-dimensional (3D) cell culture platform to mimic in vivo cell responses. To that end, we report the design and development of a suspended hydrogel membrane (ShyM) platform using gelatin methacrylate (GelMA) hydrogel. ShyM thickness (0.25-1 mm) and mechanical properties (10-70 kPa) can be varied by controlling the size of the supporting grid and concentration of GelMA prepolymer, respectively. GelMA ShyMs, with dual media exposure, were found to be compatible with both the cell-seeding and the cell-encapsulation approach as tested using murine 10T1/2 cells and demonstrated higher cellular spreading and proliferation as compared to flat GelMA unsuspended control. The utility of ShyM was also demonstrated using a casestudy of invasion of cancer cells. ShyMs, similar to Boyden chambers, are compatible with standard well-plates designs and can be printed using commonly available 3D printers. In the future, ShyM can be potentially extended to variety of photosensitive hydrogels and cell types, to develop new in vitro assays to investigate complex cell-cell and cell-extracellular matrix (ECM) interactions.
Introduction
For the past several decades, the need of recreating an in vivo like environment has driven researchers to develop new and improved cell culture platforms for basic and applied life sciences. Traditional 2D cultures do not recapitulate the complex cell-cell and cell-ECM interactions [1] . In 2D cultures, cells polarize in an attempt to increase their exchange area to culture media, resulting in excessive nutrition and oxygenation and an absence of biochemical gradients [2, 3] . Permeable supports or membrane filters such as Boyden chamber (transwells), with dual media exposure, allow cultured cells to carry out metabolic functions in an in vivolike manner. A Boyden chamber also allows an easy-to-use well-plate configuration and therefore has been widely accepted in variety of applications including cellular invasion, permeability, drug-transport, co-culture, and tissue remodeling to name a few [4] [5] [6] . However, the membrane used in Boyden chamber is typically stiff with low porosity (max 10%) and does not recapitulate the material (stiffness) or structural (porosity) of in vivo 3D ECM.
To capture the complexities of the native ECM in a 3D in vitro model, various approaches have been developed. One such approach has been the use of multicellular spheroids, which produce hollow cores and partially reestablish 3D environment; however, spheroids grow as independent cellular aggregates and minimally interact with the surrounding ECM [7] . Advances in biomaterials and microfabrication have resulted in new physiologically relevant in vitro assays using biomaterials derived from ECM of both natural and synthetic origins [8] . For example, gelembedding assay involves seeding cells on top of a thin or thick (few millimeters) layer of fluorescently labeled Matrigel or collagen to monitor 3D vertical invasion of cells into ECM [9, 10] . Synthetic hydrogels such as polyethylene glycol (PEG) functionalized with cell-signaling motifs have also been used as artificial ECM with tunable physical and biochemical properties [1, 7, 8, 11] . Newer approaches such as "tissue-on-a-chip" utilize assembly of robust components such as the stiff membranes (similar to the one used in Boyden's chambers) to develop novel biosystems [12] ; however, important challenges such as low scalability of the fabrication methods remains unresolved.
Few researchers have combined the Boyden chamber approach with collagen by eliminating the nonphysiological stiff membrane and suspending collagen membrane between side supports, thus creating a biomimetic culture platform [13, 14, 15, 16] . For example, a casting method was used to create a thin layer of collagen between supports to mimic the glomerulas interface in kidneys with juxtaposition of podocytes and endothelial cells on either sides of the collagen film [15] . Another group employed a similar floating thin fibrillar collagen gel layer supported by rigid nylon support to investigate how physical boundaries interrupt the cell-collagen interactions based on the strain-stiffening nature of collagen [16] . Restrained and floating collagen matrix with seeded fibroblasts were also used to investigate matrix remodeling before or after developing isometric tension and associated changes in stress fibers [14] . In this work, we chose to use GelMA, a photo-crosslinkable hydrogel extensively used in the field due to several favorable properties such as presence of cell-binding (and degradation) sites and relatively ease of control over its physical stiffness [17] [18] [19] [20] . In this work, we developed a permeable suspended GelMA hydrogel membrane or ShyM that has dual media exposure and is compatible with standard well plate configurations. As compared to the previous studies, the ShyM platform developed in this work has tunable thickness and mechanical properties and can be printed using a commercially available 3D printer. Most importantly, ShyM has the ability to encapsulate living cells within the gelatin membrane, a research direction not explored by earlier studies. Last, the Boydenchamberlike design is easy to use due to its compatibility with well plates and established imaging and analysis protocols. We believe that, similar to Boyden's chamber, ShyM could potentially find applications in a wide variety of high-throughput cellular assays.
Materials and Methods
2.1 GelMA Synthesis. GelMA was synthesized using an established protocol [17] [18] [19] [20] (Fig. 1(a) ). Briefly, porcine skin gelatin (Sigma Aldrich, St. Aldrich, St. Louis, MO) was mixed at 10% (wt./vol.) in phosphate buffered saline (PBS; Gibco, Billings, MT) and stirred at 45 o C until fully dissolved. Methacrylic anhydride (Sigma) was added to the solution at the rate of $0.5 ml/min to get a concentration of 8% (vol/vol) of MA in gelatin solution. This mixture was stirred for 3 hrs before dialyzing against distilled water (12-14 kDa cutoff dialysis tubing (Spectrum Laboratories, Inc., Rancho Dominguez, CA) for 1 week (40 C) to remove the unreacted groups from the solution. The dialyzed GelMA solution was lyophilized in a freeze dryer (Labconco, Kansas City, MO) for one week. Addition of methacrylamide moieties to the side group of natural gelatin enables the UV-crosslinking approach. Three GelMA prepolymer solutions were prepared by mixing the freeze dried GelMA with PBS at 40 o C at various amounts (7%, 10%, and 15% wt./vol.). Each prepolymer solution was mixed with UV (ultraviolet) photoinitiator Irgacure 2959 (0.1%, Specialty Chemicals, Basel, Switzerland). The degree of methacrylation (DOM) was calculated as the percentage of modified lysine groups and quantified using 1 H NMR [18, 21] . showed the incorporation of double bonds into the gelatin where A showed aromatic residues from the unmodified gelatin. The DOM was determined by comparing the integrated intensity of double bond region to the intensity of the aromatic region.
ShyM
Fabrication. An open-grid structure [Figs. 1(b) and 1(c); Supplemental Fig. S1(a) is available under the "Supplemental Data" tab for this paper on the ASME Digital Collection] was printed in polylactic acid (PLA) polymer using a commercial printer (Makerbot) with optimized printing parameters (100% infill; layer thickness ¼ 0.1 mm; extruder temperature ¼ 230 o C, extrusion speed ¼ 75 mm/s). Grid-insert (min resolution, $300 lm) was placed in a 24-well plate, and GelMA prepolymer solution (150 ll of GelMA prepolymer solution) was added to the grid, and subsequently exposed to UV light (Omnicure S2000 Lamp, 365 nm wavelength) for 100 s, which resulted in crosslinking of a stable suspended membrane ($250-1000 lm) to the PLA grid. For prototype 1, ShyMs were formed on the PLA grid and then assembled between the top and bottom inserts ( Fig. 1(b) ), while for Prototype 2, ShyMs were formed after placing them in a 24-well plate ( Fig. 1(c) ), without the need of ShyM assembly postprocessing steps. ShyMs were subsequently incubated in PBS at 37 o C for future cell culture experiment. For cell encapsulation experiments, 15% GelMA solution was mixed with cell suspension of 1-to-1 ratio to achieve a final concentration of 7.5% (wt./vol.) GelMA and followed by ShyM fabrication. Prepolymer solution with less than 5% GelMA resulted in unstable films and cannot be used for fabricating ShyMs [Supplemental Fig. S1 (g) is available under the "Supplemental Data" tab on the ASME Digital Collection]. Transactions of the ASME under the "Supplemental Data" tab for this paper on the ASME Digital Collection]. For testing bulk properties of GelMA ShyMs including mass swelling, storage and compressive modulus, and diffusion constants, disk shaped samples were prepared (5 mm diameter; 1.6 mm thickness) using a Teflon mold and the UV exposure conditions similar to one used for fabrication of ShyMs.
Mass Swelling Ratio.
GelMA samples (7%, 10%, 15%) were incubated in PBS at 37 C for 24 hrs and dried overnight at room temperature. The swelling ratio was measured by comparing the swollen weight over the dried weight, as follows: Swelling ratio (%) ¼ [(Ww-Wi)/Wi] Â 100% (Ww: wet weight of hydrogel; Wi: initial (dry) weight of hydrogel sample). The swelling reaches a stable state after 1 day incubation in PBS and facilitates repeatable measurements.
2.3.3
Cross-Sectional Swelling. Swelling of GelMA-ShyMs within the PLA grid was characterized using a digital optical microscopy (Hirox, Pennsylvania). GelMA-SHMs were incubated in PBS at 37 C for 2, 48 and 168 hrs, and PLA grid was cut transversely to obtain unrestrained state of one side of GelMA-SHMs [Supplemental Figs. S1(c) and S1(h) are available under the "Supplemental Data" tab for the ASME Digital Collection]. The dimensions of the unrestraint side, which was free to swell as it absorbs PBS, was quantified after 2 hrs and 2 and 7 days.
Compressive Modulus.
Compressive modulus was characterized using a Q800 Dynamic Mechanical Analysis (DMA) (TA Instruments, Inc.). Disk GelMA samples (7%, 10%, 15%) were incubated in PBS at 37 C for 48 hrs, and loaded under compression and tested for controlled strain percentage (ramping from 0% to 40%) with preloaded force of 0.01 N with displacement of 10 lm. The slope of stress-strain curve from 0% to 10% strain was used to determine compressive modulus [Supplemental (a) is available under the "Supplemental Data" tab on the ASME Digital Collection]. UV was in on and off states for 100 s. This time was chosen to simulate the approximate time of UV exposure used for ShyMs. The frequency used was 1 Hz, and straining shear stress was 1 Pa during the test. With UV exposure of 100 s, we see an increase in the G' property of the prepolymer hydrogel indicating the hydrogel crosslinking process as a function of time.
Diffusion Properties.
To analyze the diffusive properties of GelMA with varying concentrations (7%, 10%, and 15%), fluorescent proteins of 70 kDa (Sigma Aldrich, St. Aldrich, St. Louis, MO) were quantified. A relationship between the poreparameters and diffusion parameter was obtained using established protocols [22, 23] . Samples were incubated for 48 hrs to achieve a quasi-steady-state and subsequently incubated in 3 mg mL À1 FITC-Dextran/PBS solution of fluorescent molecules to allow dye-diffusion. The structure will then be irradiated with blue light (k ¼ 488 nm) to make a 50 lm-diameter spot with an incident power of 25 mW to create a darkened photobleached Two prototypes were developed in polylactic acid (PLA) using a 3D printer. Ultraviolet light (UV) was used to crosslink photosensitive GelMA solution to form a membrane suspended between the PLA grids. Prototype 1 (b) consist of three separate parts: the top and bottom inserts and membrane insert. The membrane insert with a yellow food dye is depicted in the photograph. Prototype 2 (c) is a monolithic construct printed using a 3D printer. GelMA with or without cells can be suspended to form a membrane with dual fluid exposure. Scale bar: 5 mm. (d) Prototype is designed to fit within a standard 24 well plate. The side gap facilitates ease of changing media during cell culture experiments. (e) Two cell-culture conditions were tested using C3H/10T1/2 murine mesenchymal progenitor cells. Cells were either seeded on top of ShyMs (1) or encapsulated within ShyMs (2). ShyM modulus was varied from 10 kPa to 70 kPa by varying the concentration of GelMA, while its thickness was modulated by controlling the size of the PLA support grids.
region. A MATLAB algorithm was used to determine the radius of the bleached area as the average distance at which the fluorescent intensity falls a certain preset value of the maximum value taken from the center of the bleached image. The mean fluorescent intensity was calculated for each image over the recovery period and converted to diffusion coefficients using a previously described method [22, 23] . Briefly, a 2D xy planar configuration is assumed, and diffusion in and out of the 2D plane (z direction) is neglected. The diffusion of fluorescent tracer molecules within this darkened region was tracked and quantified by image analysis to empirically determine the diffusion parameter for each sample. The normalized fractional fluorescence intensity f was calculated as using the following equation: f ¼ ½FðtÞ À Fð0Þ=½Fð1Þ À Fð0Þ, where F(t), F(0), and Fð1Þ are fluorescence intensity at time (t), immediately after bleaching, and after complete recovery respectively. The fractional intensity f was plotted versus time and fitted with a logarithmic curve, and f ðt ¼ 0:5Þ or half-recovery time s was determined. Diffusion parameter D was determined by the following equation, D ¼ ½x 2 =4sðc D Þ, where x ¼ measured spot radius; c D is the bleaching parameter. The diffusion data for 7%, 10%, and 15% GelMA concentration was quantified.
2.3.7 SEMs. GelMA samples (7%, 10%, and 15%) were freeze-dried, sputter coated for 45 s, mounted on an aluminum SEM stubs with double-sided carbon tape, and imaged using Scanning Electron Microscopy (Joel 5600, Japan) at 10 kV [Supplemental Figs. S2(d)-S2(f) are available under the "Supplemental Data" tab on the ASME Digital Collection].
Cell Culture and Immunohistochemical Staining.
C3H/10T1/2 murine mesenchymal progenitor cells (10T1/2 s) were cultured in BME supplemented with 10% fetal bovine serum, 1% Glutamax, and 1% Penstrap and were maintained in a 37 C incubator with 5% CO 2 . Cells were passaged using standard cell culture protocols using 0.25% Trypsin/EDTA and were used within passage number 15. Cells were harvested, counted, and either seeded on or encapsulated within GelMA-ShyMs. Media was changed every other day. Cells were fixed at various time points using 4% paraformaldehyde (Invitrogen, Carlsbad, CA) overnight at room temperature and permeabilized with 0.1% Triton X-100 (Sigma Aldrich) in PBS with 1% bovine serum album (Sigma Aldrich) for 30 mins. For F-actin and nuclei staining cells were labeling secondary antibodies (Alexa 488 or Alexa 647, Invitrogen, Carlsbad, CA) and Hoechst 33|258 DNA dye (Invitrogen, Carlsbad, CA) for 30 mins. Confocal fluorescence imaging was performed using Zeiss LSM 710, and image analysis was performed using ImageJ. Cell proliferation assay was performed using a Cell Counting Kit-8 (Dojindo) according to the manufacturer's instructions. 10T1/2 s were seeded onto the ShyM and let it attached before adding CCK8 solution. The number of viable cells at various time points were measured by reading absorbance at 450 nm using a microplate reader (FLx800, Bio-Tek Instruments). Cell culture medium was changed every other day on both top and bottom chambers. Cell concentration is 4 Â 10 5 cells/ml. The Click-iT EdU proliferation assay was used to characterize the mitotic rates of encapsulated cells within the ShyMs and flat controls. EdU (5-ehynyl-2 0 -deoxyuridine) was added to media 5 days postencapsulation. Following fixation after 48 hrs, Alexa 555 (red) was used to label the EdU via Click chemistry to visualize the proliferative cells. Quantification of proliferation was done on ImageJ via "3D Objects Counter" plug-in using z-stack pictures. Seeded cells and encapsulated cells were stained using calcein-AM/ethidium homodimer (Invitrogen, Carlsbad, CA) at various time points and visualized using 488 and 543 nm lasers to characterize cell viability. Quantification of dead cells (red) and live cells (green) was done on ImageJ by setting the proper threshold. Images were incorporated into ImageJ to compare the long axis and short axis of nuclei using the "Shape Descriptors" plug-in.
5 (Systat Software Inc., San Jose, CA). P values <0.05 were considered statistically significant, P values <0.01 and <0.001 were considered highly statistically significant.
2.6
Cell Invasion Using ShyM. MDA-MB-231 cells were cultured in high glucose DMEM containing 10% fetal bovine serum (FBS) and antibiotic/antimycotic (ABM). Following 2 hrs sterilization of ShyMs using UV light, 10 000 cells/well were plated in 250 ll of FBS-free DMEM with ABM. Cells were allowed to invade toward media containing 10% FBS for 24 hrs. Calcein AM was diluted 1:1000 in serum free medium and added to cells for 30 mins at 37 C. Fresh serum free media was added to replace the staining solution, and cells were imaged using a Nikon Eclipse TE2000-E multimode epifluorescence microscope equipped with 10Â Plan Fluor objective and a Hamamatsu ORCAII CCD camera and driven by the Nikon Elements software.
Results and Discussion
In this work, we design a ShyM biosystem by combining the advances in biomaterial science and 3D printing technology. GelMA ShyMs provides fluid exposure from the top and bottom sides, allows modulation of its physical and cellular properties, and facilitates incorporation of living cells using cell-seeding and cell-encapsulation approaches.
3.1 GelMA Synthesis and ShyM Fabrication. Gelatin is denatured collagen and has integrin cell-binding motifs, such as Arg-Gly-Asp (RGD), and matrix metalloproteinases (MMP) degradable sites. Another important advantage of GelMA is that the physical stiffness can be tuned by altering the polymer dry mass (% prepolymer). We synthesized GelMA hydrogel with varying concentrations (7-15%) using an established protocol [17] [18] [19] [20] (Fig. 1(a) ). Methacrylamide moieties added to the side group of natural gelatin enables crosslinking by UV light.
1 H NMR was used to determine the DOM to be 70% [Supplemental Fig. S2(c) is available under the "Supplemental Data" tab on the ASME Digital Collection].
A critical component to the design was to create a suspended structure between the PLA struts that would facilitate fluid exposure from two sides. Surface tension allows the formation of GelMA ShyMs between PLA grid structures as described in Sec. 2. In this process, a photo-initiator in the GelMA prepolymer solution initiates the crosslinking reaction upon exposure to UV light. UV light generates free radicals, and, in their presence, activates functional monomers to form covalent bonds and develops a 3D crosslinked hydrogel membrane suspended between PLA grid structures. Below 5% GelMA concentration, the membrane does not have enough surface tension to form a stable suspended membrane [Supplemental Fig. S1(g) is available under the "Supplemental Data" tab on the ASME Digital Collection]. However, a decrease in the grid-spacing could achieve a stable ShyM with lower GelMA concentrations (data not shown). The thickness of ShyMs can be easily controlled by changing the size of the supporting PLA grid from 240 to 960 lm (Fig. 2(a) ). Thickness was determined by taking cross-sectional images of the PLA grid and the ShyMs. Even after the cut [Supplemental Fig. S1 (h) is available under the "Supplemental Data" tab on the ASME Digital Collection], the ShyMs were robust and maintain their structure for more than 4 weeks. For both cell-seeding and cell-encapsulation experiments, we have used the prototype 2 ( Fig. 1(c)-1(e) ), a monolithic insert that fits within a standard 24-well plate. However, an open grid insert can also be developed [ Fig. 1(b) ; Supplemental Figs. S1(a)-S1(f) are available under the "Supplemental Data" tab on the ASME Digital Collection], which
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Transactions of the ASME has to be assembled within the top and bottom inserts. Prototype 2 is a one-piece insert that required no assembly, while prototype 1 requires assembly but has more experimental flexibility. Both prototypes allow for the suspended design and do not require any rigid support such as silanized glass or stiff polymer inserts commonly used in Boyden's chambers.
Determination of Physical Properties.
ShyM properties such as swelling ratio, compressive and storage modulus were quantified as a function of % GelMA prepolymer (7, 10, and 15). Swelling ratio was quantified using two approaches. First approach used standard disk samples, while the second approach transversely cut the ShyMs and quantified the change in thickness as a function time. Mass swelling ratio decreases with an increase in GelMA concentration: 7% (0.93) and 10% (0.91) GelMA was significantly higher than 15% GelMA (0.83) (Fig. 2(b) ). Swelling of ShyMs were also quantified by cutting the PLA grid and measuring the changes in thickness as a function of incubation time in PBS (Fig. 2(c) ). The unrestraint side of the transversely cut ShyMs [Supplemental Fig. S1(c) is available under the "Supplemental Data" tab on the ASME Digital Collection] freely swells to absorb PBS. We observe a steady increase in the swelling thickness of ShyM with time for both 7% and 10% GelMA; however, a minimal change with 15% GelMA possibly due to smaller pore sizes with 15% GelMA. Moreover, 7% GelMA swells significantly more as compared to the 10% and 15% GelMA. Few ShyM samples were incubated in PBS for 4 weeks, and thickness was evaluated by transverse cutting of the ShyM membrane [Supplemental Fig. S1 (h) is available under the "Supplemental Data" tab on the ASME Digital Collection]. We found that the thickness did not significantly change and was similar to ShyM samples that were incubated in PBS for only 2 hrs, suggesting that PLA grids constraint the swelling of ShyMs, a probable reason for its long-term stability and robustness [ Fig. 2(d) ; Figs. S1(c) and S1(h) are available under the "Supplemental Data" tab on the ASME Digital Collection].
Viscoelastic properties of GelMA were characterized using a custom-built rheometer setup [ Fig. S2(a) is available under the "Supplemental Data" tab on the ASME Digital Collection]. With UV exposure, we observe an increase in storage modulus (G') indicating the dynamics of the crosslinking process as a function of time. The exposure time of 100 s was chosen to simulate the UV exposure used for fabrication of ShyMs. Compressive modulus as characterized by DMA reveal a positive correlation between GelMA concentration and stiffness for three batches tested (Fig. 2(f) ).
Because diffusion properties of hydrogels play an important part in cell viability and function [24, 25] , we quantified the diffusion properties of 7%, 10%, and 15% GelMA samples by fluorescence recovery after photobleaching (FRAP) method [22, 23] . A 70 kDa FITC-dextran similar in size to serum albumin protein was used. For both 7% and 10% GelMA, the recovery fraction was close to 1, while for 15% GelMA there was a decrease in recovery, indicating that majority of FITC-dextran was mobile with the 7% and 10% GelMA, while 15% GelMA concentration was marginally linked to diffusive properties [ Fig. 2(g) 
Cell Seeding on ShyMs.
GelMA is transparent and readily permits microscopic analysis of cells seeded on or embedded within ShyMs. C3H/10T1/2 murine mesenchymal progenitor cells (10T1/2 s) were seeded on top of 7%, 10%, and 15% ShyMs, and were stained using a calcein-AM/ethidium homodimer, and labeled for f-actin (green) and nuclei (blue) (see online version for color). An increase in the overall intensity as well as distribution of actin staining (intensity increases as we toward the periphery of cells and away from the nuclei) as we increase GelMA concentration (Figs. 3(a) and 3(b) ); however, this was an observed trend but we were not able to quantify because of several overlapping cells. As a result, we quantified the changes in the nuclear aspect ratio as an indicator of the overall aspect ratio of the seeded cells. An increase in the GelMA concentration resulted in an increase in the nuclear aspect ratio (Fig. 3(e) ), probably because of either changes in modulus and associated changes in cell-ECM interactions; however more experiments have to be performed to elucidate the exact mechanism. The "flat" control is 10% GelMA casted onto a modified glass with media exposure from only one side [ Fig. 3(c) ; Supplemental Figs. S3(e) and S3(f) is available under the "Supplemental Data" tab on the ASME Digital Collection]. We observe no change in the viability of cells on ShyMs as compared to the "flat" controls ( Fig. 3(d) ). After 2 hrs postseeding, cell proliferation of 7%,10%, and 15% ShyMs was higher than the flat control, as well as tissue culture polystyrene (TCPS) control, exhibiting high seeding efficiency and cell adhesion (Fig. 3(f) ). The proliferation on all ShyMs (7%, 10%, 15%) continue to be significantly higher compared to flat controls for at least 48 hrs. ShyMs are compatible with standard cell culture protocols and were handled similar to cells grown on glass coverslips or TCPS well plates.
3.4 Cell-Encapsulation Within ShyMs. All cell encapsulation experiments were conducted using 15% GelMA solution. Figures 4(a)-4(d) demonstrate the spreading of encapsulated 10T1/2 cells and its actin distribution as a function of time. Cells encapsulated within ShyMs rapidly spread and reach a network like structure by day 7 as compared to the relatively round cell morphology on the flat control sample on day 7. Nuclear aspect ratio of encapsulated cells within ShyMs on day 4 and day 7 are significantly higher as compared to encapulated cells for day 2 as well as flat controls on day 7 (Fig. 4(f) ), probably a function of dual-media exposure, although detailed experiments have to be performed to investigate mechanism. Viability of encapsulated cells at day 2 did not show any differences between ShyM and flat control samples (Figs. 4(g) and 4(h) ). The oblong shape of the cells is a result of an artifact of confocal imaging. However, viability of encapsulated cells at day 7 showed a big difference between the ShyMs and flat control samples as higher viability showed in ShyMs [Supplemental Figs. S3(c) and S3(d) are available under the "Supplemental Data" tab on the ASME Digital Collection], possibly due to one-sided media exposure for the flat controls. Encapsulated cells within ShyMs exhibited greater proliferative activity (day 5) overall compared to flat controls (Figs. 4(I) and 4(J)). ShyMs with encapsulated cells were found to be stable more than 4 weeks for 7% GelMA and more than 6 weeks for 15% GelMA.
3.5 Case Study: Cell Invasion Using ShyMs. Cell migration and invasion through the extracellular matrix plays an important role in normal physiological processes such as morphogenesis and immune surveillance, as well as in disease processes. One example of the pathologically enhanced migration and invasion is the process of cancer metastasis in which tumor cells breach the basement membrane surrounding the tumor, invade adjacent tissues, and spread to new sites via the circulation [26] . ShyMs represent a potential avenue for creating flexible substrates similar in thickness, composition, and mechanical properties to the tumor stroma. As an example of how tumor cell invasion assay can be set up using ShyMs, we performed an experiment in which highly invasive breast cancer cells (MDA-MB-231 cell line [27] ) were added to the top surface of ShyM inserts, and cell invasion was observed over time using vital cell staining with Calcein AM. As shown in Fig. 5 , the cells have rapidly spread on the top surface of the insert and over the course of 24 hrs some of the cells have invaded through the insert towards the bottom surface. This experiment demonstrates the utility of ShyMs for studies of cancer cell migration and invasion.
Advanced in microfabrication and biomaterials have results in the development of new and improved biosystems capable of elucidating new cell-cell and cell-ECM relationships. Hydrogels have emerged as the ideal matrix to investigate cell-materials interaction in 3D environments. Crosslinked hydrogels are prepared using variety of approaches such as ionic interactions, pH Fig. 2 Characterization of ShyM properties: (a) The thickness of ShyMs can be varied by controlling the PLA grid size. As compared to the PLA grid, ShyM thickness is smaller, however, highly repeatable. (b) Mass swelling measurements demonstrate that 15% GelMA is significantly lower as compared to 7% and 10% GelMA. (c) GelMA ShyMs formed within PLA grids were transversely cut to expose the side section of the membrane, and incubated in PBS for 2 hrs and 2 and 7 days. We observe significant differences between swelling properties of 7% ShyMs till 0-2 days as compared to 10% and 15% GelMA ShyMs. (d) ShyM swelling with and without the PLA-grid demonstrate the contribution of PLA grid in constraining the transverse swelling response of ShyMs. (e) A custom-made rheometer setup was developed to measure the change in storage modulus as a function of UV exposure time. A time of 100 s was chosen to simulate UV exposure time for crosslinking the ShyMs. A higher storage modulus is observed for 15% GelMA as compared to 7% and 10% GelMA. (f) Dynamic mechanical analyzer (DMA) was used to measure the compressive modulus, and the slope between 0% and 10% was considered for analysis. Results demonstrate that both 15% and 10% GelMA have significantly higher modulus as compared to 7% GelMA. (g) Diffusion constants of 7%, 10%, and 15% GelMA were calculated by using 70 kDa FITC-dextran for FRAP analysis. Results show the diffusion coefficient of 15% are significantly lower than 7% and 10%. Data plotted as mean and standard deviations: *, P < 0.05; **, P < 0.01; ***, P < 0.001. Fig. 3 Murine mesenchymal 10T1/2 cells were seeded on 7%, 10%, and 15% ShyMs and control flat samples adhered to a modified glass substrate, and viability, proliferation and nuclei aspect ratio were characterized: (a and b) representative images of cells seeded on 7%, 10%, and 15% GelMA ShyMs at 103 and 633 magnifications. Cells were stained for F-actin (green) and nuclei (blue). (c) Schematic depicts the experimental design of ShyMs as well as flat control sample. (d) Viability of 10T1/2 cells seeded on GelMA ShyMs was assessed via calcein-AM/ethidium homodimer LIVE/DEAD assay at 48 hrs postseeding. Results demonstrate no change in viability of cells when compared to flat control. (e) Aspect ratio was calculated by comparing the ratio of the long axis of nucleus with the short axis. Although not statistically significant, we observe a trend of increasing aspect ratio with increased GelMA concentration. Control used in this case is using 10% GelMA. (f) Proliferation was conducted using CCK-8 assay, and the absorbance value was compared with flat control (10% GelMA) as well as TCPS and blank (cck-8 and media only). The proliferation of cells seeded on all ShyMs are higher that of all flat controls at three time points. Error bars represent the SD of at least three independent samples: *, P < 0.05; **, P < 0.01; ***, P < 0.001. The Click-iT EdU assay was performed at day 5 to assess the proliferative ability of 10T1/2 cells throughout the ShyM (labeled with Alexa 555). Results demonstrate higher proliferation within ShyM as compared to controls. Error bars represent the SD of at least three independent samples: *, P < 0.05; **, P < 0.01; ***, P < 0.001. stimulation, and photocrosslinking using UV) [28] [29] [30] ; however, solution casting along with UV light is the method of choice because its precise control over the crosslinking process as well as its ease of use. Typically, hydrogel prepolymer solution is cast into molds to develop flat disk shaped crosslinked hydrogels. Typically in this case, the crosslinked hydrogels are only exposed to media from only one side, while the other side is stuck to a substrate. In this work, we report the design and development of a novel ShyM with Boyden-chamber like supports (printed using a commercially available 3D printer), and demonstrate the broad applicability with cell seeding and cell encapsulated approaches.
We chose GelMA (type 1 collagen) to develop ShyMs as it is commonly used in coating tissue culture plate to promote cell growth. GelMA also possesses cell-binding and cleavage sites, while its chemical modification (by introducing methacrylamide side groups) allows the control of its mechanical properties (via chemical crosslinking reaction). The ability to control the physical and biochemical of hydrogel matrix could potentially influence variety of cellular processes such as proliferation, differentiation in physiological and pathological conditions [31] [32] [33] [34] [35] . A significant advantage of ShyMs is the absence of any underlying rigid substrate (support), typically used in hydrogel culture. GelMA ShyMs developed in this work has the advantage of high transparency and permitting microscopic analysis of cells embedded within these matrices. ShyMs with controlled thickness would function as a free-standing biomimetic membrane planar support to culture cells, potentially allowing close juxtaposition of living cells on either side of the membrane, developed using variety of photosensitive biopolymers [36] [37] [38] . ShyMs compatibility with standard imagining techniques opens doors to variety of applications in co-culture studies, tissue modeling studies, cell signaling, cell invasion and migration [14] .
Conclusions
In this work, we develop a ShyM platform using GelMA hydrogel, by combining 3D printing technology with biomaterial science, to demonstrate the broad applicability with cell culture approaches. The free-standing nature of ShyM not only allows dual media exposure but also provides control over its physical properties and cell incorporation methods (seeding and encapsulation). ShyMs are compatible with standard well-plates designs and can be printed using commonly available 3D printers. ShyM can be potentially extended to variety of photosensitive hydrogels and cell types, to develop new in vitro assays to investigate complex cell-cell and cell-ECM interactions.
